In experimental immunology, it frequently is of interest to obtain quantitative estimates of the virulence of strains of microorganisms as evidenced by their ability to produce fatal infections in experimental animals. It is recognized that, in the broader sense, virulence is not a specific intrinsic attribute of an organism but is the result of a combination of a number of factors pertaining to the organism, the affected host, and the conditions (known or unknown) under which the pathological state is established. Nonetheless, when suitable laboratory animals are employed, and when the combination of experimental conditions is propitious, it can be demonstrated with some consistency that even closely related strains of organisms differ in their capability of producing experimental infections. For the purpose of this presentation, such differences in capability can be considered as differences in virulence of the organisms regardless of the true nature of the experimental infective process.
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Quantitative estimates of virulence have been employed by various workers in studying the relationship of this property to antigenic constitution, bacterial dissociation, and various epidemiological phenomena. Furthermore, it popularly is considered that the immunogenic activity of a strain of bacteria is directly related to its virulence. As a consequence, such tests are employed extensively as a control technique in routine production of bacterial vaccines and in searching for immunogenically superior strains.
Mice have been widely accepted as the laboratory animals of choice for determining the virulence of strains of Salmonella typhosa and the testing procedures employed have been of two main types. The first, based on the intraperitoneal injection of graded doses of the organisms suspended in physiological saline, is utilized almost exclusively by British workers. The second, incorporating the use of hog gastric mucin as a suspending medium, has been employed by most American workers since the original reports of the technique by Nungester et al. (1) and of its application to typhoid by Rake (2) . A third method, which was reported by Norton and Dingle (3) to show promise, is based on the intracerebral injection of the organisms without the aid of an adjuvant. This latter method has been used successfully in determining the virulence of strains of Hemophilus pertussis by Kendrick and her coworkers (4, 5) and as an experimental infective technique with Shigella dysenteriae by Dubos et al. (6) . 219
Quantitative estimations of virulence of any strain of S, typhosa, employing either of the two most widely adopted techniques, are subject to extreme variation even when determined in the same laboratory under supposedly comparable conditions. As would be expected, the results obtained in different laboratories using such basically different techniques as the intraperitoneal injection of organisms suspended in saline and in mucin, have been in even poorer agreement.
Quantitative estimations of virulence can be affected so greatly by unknown or uncontrolled experimental conditions that any absolute measurements obtained are of questionable value. Thus, it would appear that a testing procedure which consistently could demonstrate differences in virulence of strains would be more useful. It was the objective of the study reported here to compare the degree and certainty of differentiation of strains of S. typhosa of varied virulence that could be accomplished by each of the three aforementioned testing procedures. 1
Cultures and Materials
Strains of S. typhosa.--The four strains of S. typhosa used were related to the extent that originally they were isolated, or derived from isolates, from the same typhoid carrier, Boxill (9), commonly referred to as the "Panama Carrier." Two pairs of strains were employed; each pair consisting of strains of high and low virulence as indicated by preliminary tests. One pair, strains 58 and 58V, were naturally occurring virulent and avirulent strains (8) . The other pair, 58B and 58A, were virulent and avirulent strains resulting from growing the original strain 58 in a chemically defined medium with and without glucose, respectively (10) .
l Other than the mouse, only the developing chick embryo has received serious consideration as a suitable experimental animal in typhoid research. Well and Gall (7) have reported that the 10 day chick embryo is highly susceptible to virulent strains of S. typhosa and could be protected against lethal challenge doses of such strains by the use of specific immune sera or certain chemotherapeutic agents. Fourteen strains were included in their study and it was found that smooth cultures containing both "0" and Vi antigens were of high virulence. They maintained that, in general, the more nearly the strains approached the V type, the higher was their virulence. Strains containing "0," but not Vi antigen (strain O-901) and those devoid of "0" antigen (strains Vi I and Vi 68) were found to be of low virulence.
Studies in this laboratory have failed to support Well and Gall's findings. Typhoid cultures examined for virulence included the Panama Carrier strain 58; strain 58V, an avirulent isolate of strain 58 (8) ; strain 58A, a W form culture of strain 58; and the British strains Ty2, O-901, and Vi I (Bhatnagar). These provided a complete array of strains virulent and avirulent for mice and included V and W forms and "0" and Vi types. It was not possible to demonstrate any differences in virulence of these strains since, without exception, they were lethal for 10 day chick embryos in doses of 10 to 100 organisms. On autopsy and culture of chick embryos succumbing to the infection, S. typhosa was recovered uniformly from the heart's blood and gross hemorrhagic pathological changes were evident in a high percentage of the infected embryos.
These findings so strongly suggested that the developing chick embryo would not prove suitable for the determination of virulence of strains of S. typhosa that the work was not pursued further.
All strains were tested for the presence of Vi antigen by direct slide agglutination with Salmonella ballarup (Vi) antiserum (11) . Also, the characteristic V or W form colonial morphology (12) of each strain was determined by examination under low power magnification employing oblique illumination. The isolation and cultural history of each strain employed and a summary of their pertinent biological characteristics are presented in Table I .
Test Mice.--White Swiss mice (Bagg strain), equally divided as to sex, were used in all tests reported here. Those used in intracerebral tests weighed 12 to 14 gm. while those employed in intraperitoneal tests weighed 14 to 16 gm. In each case, the mice were selected and assigned to jars in groups of 5 at random except for sex. The assignment of groups to blocks of the experiments, arrangement of groups in the test-animal room, and the order of injection, :~ Virulence for mice as determined by intraperitoneal injection of organisms suspended in 5 per cent mucin.
§ Strains 58 and 58B contain predominantly V forms; some W forms are present.
by groups, were all determined by a random procedure. The temperature of the test-animal room was maintained at 80 ° -4-I°F.
Mucin.--Grauular hog gastric mucin (Wilson, Type 1701-W) was suspended to 5 per cent concentration in distilled water with the aid of a Waring blendor. The suspended material was kept in the refrigerator for 36 hours with occasional shaking, then warmed and adjusted to pH 7.2, filtered through gauze and cotton, and sterilized by heating for 30 minutes in a boiling water bath three times within a period of 24 hours. Tests for sterility, toxicity, and virulence-enhancing activity were performed.
EXPERIMENTAL

Intra~erebral Tests.--
Challenge suspensions for intracerebral tests were prepared by growing the cultures in chemically defined media 2 (strains 58B and 58A) or on veal infusion agar slants (strains 58 and 58%7) for 16 hours at 37°C. Serial dilutions of the broth cultures, or saline washings from Amino acids-inorganic salts media, with or without glucose. the veal infusion slants, were prepared in 1 per cent casamino acids (Difco), pH 7.2, so that the approximate desired number of viable organisms was contained in 0.03 mi. unit volumes. Densities of the challenge suspensions were checked by colony counts obtained by plating nine 1 ml. aliquots of appropriate dilutions in each case. Diluted suspensions were iced and all injected within 2 hours of preparation.
The two pairs of strains were tested in separate experiments. The test mice were injected under light ether anesthesia, all injections being made with short-bevel, ~-~ inch, 25 gauge hypodermic needles. As controls, to determine whether any deaths might ensue from the intracerebral injection of the bacterial proteins independently of any infective properties of the organisms, suspensions of heat-killed organisms of strains 58B and 58A in doses as high as 100,000,000 were injected into 60 mice, 30 with each strain. Only 1 of the 60 injected mice died. It was concluded, therefore, that there was no evidence of residual toxicity of the dead organisms. Results of the injection of suspensions of the two pairs of strains of S. typhosa; 58B and 58A, and 58 and 58V, are presented in Tables II and III, respectively. The deaths recorded in Tables II and III are those observed within 14 days of injection. Occasional deaths occurred following longer periods but these were infrequent and did not materially alter the general comparisons of virulence of the cultures being studied. It will be noted that the two strains originally considered to be virulent, 58B (Table II) and 58 (Table III) , did produce greater mortality than did the corresponding strains considered to be avirulent, 58A and 58V. The differences were not marked, however, and the increases in mortality with increased challenge doses were irregular.
Experiments similar to the above were conducted several times employing one or both pairs of strains. Results of the individual experiments varied considerably but the general relative virulence of the strains compared was essentially the same as that presented here. Due to the variability of the results, it was considered that any absolute expressions of virulence, in terms of numbers of organisms, would have little definite meaning. Certainly any differences in virulence of the strains being compared were minor.
Although deaths have been recorded as long as 30 days following intracerebral injection, the majority occurred in the period 3 to 8 days following challenge and were relatively rare after the 14th day, the period arbitrarily set for termination of the experiments. Among those mice which survived the 14 day observation period, many exhibited marked symptoms of general debilitation and central nervous system involvement. Affected mice from these and similar experiments were kept under observation for periods as long as 7 months. They continued to exhibit these symptoms throughout the period with only occasional deaths occurring. Mice from these groups were sacrificed at intervals and attempts were made to recover S. typhosa from the brain and other organs by cultural methods.
Positive isolations from the heart, kidney, liver, and spleen were obtained only from mice examined within 6 days of intracerebral challenge. Positive isolations from the brains of affected mice were obtained following periods as long as 135 days, the longest interval following intracerebral injection at which isolations were attempted. Attempts to isolate S. typhosa from the brains of three asymptomatic mice sacrificed 30 days following injection were unsuccessful.
Intraperitoneal Tests with Saline Suspensions.--
Preliminary tests indicated that with saline suspensions of organisms injected intraperitoneally, doses regularly required to effect mortality were so great that they could not readily be prepared from broth cultures. Accordingly, the organisms were grown on veal infusion agar slants for 16 hours at 37°C., suspended in physiological saline, and standardized for density photometrically. Serial dilutions were prepared in saline so that the approximate numbers of organisms were contained in 0.5 ml. unit volumes. Densities of the saline suspensions were checked by plate counts in each case.
Results of the intraperitoneal injection of the saline suspensions of living organisms of the two pairs of strains, in terms of the number of mice injected and those dying within 72 hours, are presented in Tables IV and V. No deaths occurred among 70 control mice injected with a heat-killed suspension of strain 58, in doses ranging from 100,000 to 1,080,000,000.
As shown in Tables IV and V, extremely large doses of any of the strains were required to kill a majority of the mice. The observed difference in virulence of strains 58B and 58A (Table IV) was essentially equal to that obtained by the intracerebral method. Distinction of the difference in virulence of strains 58 and 58V (Table V) was absolute since no fatalities were produced by the latter strain in any of the doses employed. While a distinction of this nature appears dramatic, it is recognized that, quantitatively, the true difference
TABLE IV
Virulence for Mice of S. typhosa Cultures Grown with and without Glucose Intraperitoneal Injection in Saline
Challenge dose (in 0.5 ml.)
50,000,000 150,000,000 450,000,000 1,350,000,000 
TABLE V
Virulence for Mice of Isolates of S. typhosa from a Common Sourcn (Panama Carrier) Intraperitoneal Injection in Saline
30,000,000 90,000,000 270,000,000 810,000,000 might not necessarily be great. The number of organisms required to produce appreciable mortality with strain 58 was very large and if even ten times as many organisms of strain 58V had been required, the dosage would have been enormous. In the case of each strain that exhibited virulence by this technique (strains 58, 58A, and 58B), the increase in mortality with increase in challenge dose, while irregular, was more marked than was obtained by the intracerebral method. It will be noted that threefold increments in challenge doses were employed in the intraperitoneal-saline suspension tests while tenfold increments were used in the intracerebral tests.
Intraperitoneal Tests with Mucin Suspensions.--
Challenge suspensions for intraperitoneal injection in 5 per cent mucin were prepared from serial dilutions, in saline, of 16 hour veal infusion broth cultures incubated at 37°C. In each case, final dilutions were prepared in mucin using as small quantifies of preliminary saline dilutions as was practicable to prevent undue dilution of the mucin. Densities of the final suspensions were checked by plating from appropriate final dilutions in the manner previously described.
Control mice were injected intraperitoneally with heat-killed organisms of strain 58 (the most virulent strain) suspended in 5 per cent mucin. Three doses of killed organisms were employed; ~ billion, 1 billion, and It billion, each in 0.5 mi. mucin. Only three of 38 injected mice died, one with the smallest and two with the largest dose, indicating that the combined toxic effects of the mucin and bacterial proteins still were of minor consequence.
The results of injecting the mucin suspensions of living organisms, in terms of the number of mice injected and the deaths obtained within 72 hours, are presented in Tables VI and VII. Differences in virulence of the two strains in each pair when tested by this technique were much more marked than were those obtained by the other methods (with the possible exception of the difference of strains 58 and 58V administered intraperitoneally in saline, Table V) . Strain 58B exhibited a degree of activity usually associated with strains of moderate to high virulence, while the activity of strain 58A was of an entirely different order of magnitude 150,000 >810,000,000 3,000,000
Relative virulence (ss/sav) 100 >600,000 (Table VI) . This is in sharp contrast to the minor differences in virulence evidenced when they were tested by the other two methods. Strain 58, the strain employed as routine by the Army Medical Department in production of typhoid vaccine, proved to be highly virulent (LDm < 10 organisms) while strain 58V, a fresh isolate from the same carrier source, certainly would be classified as avirulent (Table VII) . The irregular mortality obtained with the relatively small doses of strain 58 should not be interpreted as any evidence of lack of virulence of the organisms. These few survivors undoubtedly were refractory mice which would have survived even much larger doses and their distribution probably resulted from the vagaries of sampling. Such results are obtained frequently and point up the greater usefulness of the LD~0 than of the mL.D. as a measure of virulence. In all probability the true LDs0 of strain 58 is one o~ two organisms. It is, of course, impossible to administer with accuracy doses as small as these. Even if it were possible to eliminate variations in dosage resulting from technical sources, the natural distribution of small numbers (or of rare occurrences) is such that a definite proportion of the mice would fail to receive any organisms (13) . This observation is of interest since obviously it would be extremely difficult or impossible to detect minor differences in virulence of highly virulent strains even employing the mucin technique since the use of challenge doses only sufficiently large to insure that all mice would receive organisms would result in essentially 100 per cent mortality. This differentiation probably could be accomplished utilizing actively or passively immunized mice which would permit the use of larger challenge doses. Studies on this problem are now in progress in these laboratories.
The results of the experiments included in this report are presented in summary form in Tables VIII and IX. For the purpose of this study, greater interest was attached to the determination of the relative orders of magnitude of virulence of the strains being compared by each method than to any estimation of absolute LD60 or M.L.D. values. For the purpose of summation, however, expression of the virulence of each strain by each method in terms of their LDs0 doses aids in making comparisons. The LD~0 values were estimated by the approximate method proposed by Miller and Tainter (14) which is sufficiently accurate for this purpose. Expressions of relative virulence were obtained as the ratios of the reciprocals of the estimated LDs0 values. A more precise expression of relative virulence could be obtained by the method proposed by Bliss (15) which is dependent, in part, on the combined slopes of the dosage-mortality regression lines. Since the slopes of many of the lines being compared differed significantly, use of this method was not considered justifiable. Thus, these ratios are applicable only at the points of 50 per cent mortality.
DISCUSSION
The results of the individual experiments reported here were in general agreement with those reported by others~ at least in regard to the relative size of doses required to effect mortality in a majority of mice by each of the three methods. By the intracerebral route, the observed symptom syndrome and the interval, injection to death, did not agree with those reported by Norton and Dingle (3) . This was true particularly in regard to the occurrence of chronic debilitation and the persistency of symptoms of central nervous involvement.
The lack of differentiation by the intracerebral route of strains considered virulent and avirulent by other criteria, is in contrast with the findings with H. pertussis reported by Kendrick et al. (4, 5) . The explanation of this difference in the activities of the two species possibly may be accounted for by the toxicity of recently isolated, actively growing strains of H. pertussis.
Contrary to common opinion (16) , there was tittle evidence of any lethal toxicity innate in the strains of S. typhosa employed. When control mice were injected by any of the three methods with large doses of heat-killed suspensions of even the most virulent strain (strain 58), no indication of toxicity other than of a transitory nature was observed except possibly when injected in combination with mucin and even then only 3 of 38 mice died. Thus, objection to the use of saline suspensions injected intraperitoneally on the basis of assumed lethal toxicity appears unwarranted.
The inconsistency in differentiation of virulent and avirulent strains as obtained by the intracerebral and by the intraperitoneal-mucin suspension methods is of real interest but difficult to understand. It is appreciated that the conditions are markedly different and that virulence is not a specific, intrinsic characteristic of the organisms. As Dubos (17) has aptly stated--"It (virulence) expresses only the ability of a given strain of the infective agent, in a certain growth phase, to produce a pathological state in a particular host, when introduced into that host under well defined conditions." Thus, in this study, the distinction between virulent and avirulent strains, such as 58 and 58V, may be a distinction primarily resulting from methodology rather than from any immunologically significant characteristic of the organisms themselves. Strains 58 and 58V (also strains 58B and 58A) did not exhibit markedly different activity when the two were compared by the intracerebral method; quantitatively, their abilities to produce experimental infections at least were of the same order of magnitude. It is obvious that strain 58V (or strain 58A) was capable of living, multiplying, and producing pathological changes and even death in the animal host; certainly the potentialities of parasitism existed. Therefore, the apparent virtual lack of virulence of these strains when introduced by the intraperitoneal route, suspended either in saline or in mucin, would indicate that the failure to establish infection resulted from specific local factors of host resistance in the area of deposition or that the organisms were deficient in some metabolic factor essential to the establishment of the infective process.
The common source of the strains of S. typhosa employed in this study provided an unusual opportunity for comparing the virulence of strains containing or devoid of Vi antigen under conditions in which other differences of an unknown nature should be minimal. The demonstration of avirulence of cultures both containing Vi antigen (strain 58V) and devoid of Vi antigen (strain 58A) under these conditions provides experimental evidence in support of Kauffmann's statement (18)--"We have not the slightest proof that the Vi antigen is a virulence antigen." Certainly, virulence, as measured in this study, and
